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Abstract
The small background and the sensitivity to charged particles via a leading order loop
coupling make the diphoton channel a privileged experimental test for new physics models. We
propose a simple archetypal scenario to generate a sharp di-photon resonance as a result of
threshold enhancements in the effective coupling between a heavy pseudoscalar particle and
new vector-like leptons. We therefore study three different scenarios consistent with the current
experimental limits and deviating from the Standard Model at the 2 σ level. The model also
introduces a natural dark matter candidate able to match the observed dark matter abundance
and comfortably respect the current direct detection constraints.
1 Introduction
Last year both the ATLAS and CMS experiments of the Large Hadron Collider (LHC) at CERN
reported the presence of an excess in the diphoton channel, peaked at a centre-of-mass energy of
about 750 GeV [1, 2]. The signal appeared with a statistical significance of about 2.6σ in the data
gathered by the CMS detector, while the ATLAS collaboration measured a 3.6σ excess. The two
indications, being compatible within the limits of the resolutions of the detectors, triggered an
incredible number of works elaborating on the possible beyond-the-Standard-Model origin of the
excess.1 In March 2016, both the ATLAS and CMS collaborations updated their analysis with the
new data collected at 13 TeV. The observations based on an integrated luminosity of 3.3 fb−1 hinted
once again at the particle interpretation of the signal, with an excess reaching a local significance
of 3.4σ and 3.9σ in the data of CMS and ATLAS, respectively [4, 5, 6]. Disappointingly, though,
the significance of the purported signal was seriously impaired in a later analysis of larger datasets
by the ATLAS and CMS groups, respectively relying on 15.4 and 12.9 fb−1 of acquired data [7, 8].
In spite of the fate of the 750 GeV resonance, the episode still exemplifies the potential of the
diphoton final state: such a channel is indeed an important tool for searches of heavy neutral
spin-zero resonances owing to the smallness of the involved background and the sensitivity to new
physics via a leading order one loop contribution. In this regard, we remark that even the 125 GeV
Higgs boson was first signalled by a resonance in the same diphoton channel. Furthermore, the
latest LHC data present deviations at the one to two σ level associated to energies larger smaller or
equal to about a TeV which might be confirmed in forthcoming analyses. We thus find compelling
1A comprehensive collection of the papers on the topic is presented in [3].
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to study how potential signals of diphoton resonances are entwined with otherwise unobserved new
physics states which, within particle models that are well defined up to very high energies, provide
their effective coupling to the photons.
According to the Landau-Yang theorem, a resonance in the diphoton channel can originate
only from a particle of either spin zero or two. In the remaining of the paper we assume that the
speculated particle has spin zero and investigate a way to produce a signal large enough for the
corresponding resonance to be possibly discoverable in a dataset of the order of hundreds of fb−1,2
but still consistent with the current experimental limits. As it was the case for the 750 GeV excess,
we require the absence of indications in complementary channels such as the di-jet, the tt¯, the
di-boson and the di-lepton ones. Interestingly, this condition necessarily forces the introduction of
additional charged and colored particles characterized by large multiplicities and/or large couplings
to the new resonance. However, assuming a diphoton cross section of O(fb), the running of these
couplings seems to drive the model to a non-perturbative regime already at scales as low as a few
TeVs [9, 10]. While this fact apparently favours frameworks supporting the compositeness of the
hypothetical spin-zero particle, we aim to demonstrate that a perturbative scenario based on a
fundamental spin-0 field is still attainable.
In the following we study three cases of fundamental spin-0 resonance characterized by masses
of 330 GeV, 720 GeV, and 1000 GeV, respectively, and show that a large excess in diphoton events
can be comfortably reproduced within a simple extension of the Standard Model (SM) which retains
perturbativity up to scales at least as large as O(1010) TeV and up to the Planck scale in the best
case of the three scenarios. In the framework we consider in this study, the high mass diphoton
resonance originates from a new pseudoscalar particle that couples to a vector-like (VL) charged
lepton, characterized by a mass not far from half the mass of the new scalar resonance, and to two
VL neutrinos. The pseudoscalar production at the LHC is allowed by the coupling to a heavier VL
top quark that mediates the gluon fusion process. Our goal is to demonstrate that, in this setup,
the new particle content needs only modest Yukawa couplings to generate the large diphoton cross
section initially observed at the LHC.
Interestingly, in our analysis we also find that the lighter VL neutrino is a viable dark matter
(DM) candidate and that, in the same parameter space that yields a sizeable resonant signal, this
particle gives rise to a DM abundance in the ballpark of the measured one. The scenario also
complies with the present direct detection constraints.
The paper is organized as follows: in Section 2 we review the motivation that lead to the choice
of our framework, which is detailed in Section 3. The relevant LHC phenomenology is discussed in
Section 4 whereas in Section 5 we show that the proposed VL neutrino is a viable DM candidate.
We gather our conclusions in Section 6.
2 Threshold enhancement of the diphoton decay rate
As a prototypal case we study here a possible LHC diphoton signal with 720 GeV invariant mass.
For the relevant centre-of-mass energies of 8 and 13 TeV, the largest contribution to the production
cross section is given by the gluon-gluon fusion process. Hence, we introduce additional colored and
charged particles to provide the effective coupling between the SM gauge bosons and the speculated
720 GeV particle via loops. The contributions of the new states to the diphoton decay width are
inversely proportional to the square of the masses of the new particles. Since any new charged
2The integrated luminosity projected to be delivered by LHC at the end of Run II is about 200 fb−1.
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and colored vector bosons must be much heavier than 720 GeV because of the present experimental
bounds, it follows that the contribution of new spin-1 particles to the effective coupling is necessarily
suppressed. As for the remaining possibilities, the partial amplitude mediated by a heavy fermion
loop is four times as large as that mediated by a heavy scalar, and therefore fermions are more
suitable in generating a large diphoton cross section.
In the present scenario we then consider VL fermions f (whose mass terms, contrarily to those
of chiral fermions, are gauge invariant) characterized by a charge ef , in units of the positron charge,
and Nf colors. The contribution to the diphoton decay width of a scalar H or of a pseudoscalar A
of these VL fermions is then quantified by [11, 12]
ΓS→γγ =
α2em
3
S
256pi3v2w
∣∣∣∣∣∣
∑
f
afNfe
2
fF
S
f
∣∣∣∣∣∣
2
, S ∈ {A,H} (1)
where
af =
yfvw√
2mf
, τf =
4m2f
m2S
, (2)
and
FHf = −2τf [1 + (1− τf ) f(τf )] , FAf = −2τff(τf ) . (3)
The pseudoscalar partial amplitude is affected by a discontinuity, such that
lim
mf→(mA/2)±
FAf =
pi2
2
, FAf |mf=mA/2 = pi2 , (4)
which originates from threshold effects. We avoid this discontinuity in our computation by setting
FAf = pi
2/2 at the threshold.
In the left panel of Fig. 1 we show the diphoton decay rates of a 720 GeV pseudoscalar particle
A, via a VL fermion loop, normalized to the corresponding quantity for a scalar H. As one can see,
the large enhancement of the loop coupling of A to photons for mf = mA/2 allows the pseudoscalar
decay width to match the scalar one through a Yukawa coupling between A and the VL fermion that
is about 2.5 times smaller than that of H. In the right-hand side panel of Fig. 1, we furthermore
show how the partial amplitude for the diphoton decay of H depends on mf . The normalization
here is given by the corresponding quantity computed for mf = 700 GeV, which approximately
matches the current lower bound on the mass of heavy VL quarks [13]. We then conclude that, to
achieve a given decay rate, the Yukawa coupling of a 720 GeV pseudoscalar to a 365 GeV charged
VL lepton must be about 3.5 times smaller than that required by a scalar which couples to photons
via a 700 GeV VL quark loop.
Motivated by the observations above, we identify the speculated 720 GeV particle with a CP-
odd scalar A that couples only to VL fermions. The relevant diphoton cross section, in the narrow
width approximation, is then given by
σ (pp→ A→ γγ) = σSMpp→H
Γgg
ΓSMgg
Γγγ
Γtot
, (5)
where the SM labeled quantities, respectively the LHC cross section at 13 TeV for the production
via digluon fusion of a SM Higgs boson of massmA and the decay rate of the same boson to digluon,
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Figure 1: Left panel: Ratio of the diphoton decay rate of a pseudoscalar A to that of a scalar H
mediated by a VL fermion loop. Right panel: the scalar decay rate to diphoton as a function of
VL fermion mass mf , normalized to the case of mf = 700 GeV.
are tabulated in [14, 15, 16]. The decay rate of the pseudoscalar A to digluons in Eq. (1) is defined
by [11, 12]
ΓA→gg =
α2sm
3
A
128pi3v2w
∣∣∣∣∣∣
∑
f
afF
A
f
∣∣∣∣∣∣
2
, (6)
with f = T , while Γtot is the total decay rate of A. The cross section in Eq. (5) is maximized for
Γtot ∼ Γgg, which in the present scenario holds as long as the Yukawa couplings of the VL quarks
are comparable to those of the charged VL leptons. The lower limit for heavy copies of SM quarks
decaying to a top or bottom quark and a W±, or a SM Higgs, ranges from 705 GeV to 846 GeV
[13, 17]. These can be relaxed to 690 GeV in case of decays to light quarks [18]. Charged heavy
leptons, depending on their charge, must instead be heavier than at least 400 GeV [19]. This limit is
relaxed to 104 GeV for charged particles of an SU(2)L doublet which decays to a nearly degenerate
neutral component [20]. The latter, being weakly interacting and stable, is a viable DM candidate.
Motivated by this intriguing example, in the next section we introduce a model that captures and
generalises the features of the diphoton resonance we discussed above.
3 The model
In order to model potential signals of resonances appearing exclusively in the diphoton channel,
we extend the SM particle content with a VL lepton EW doublet and singlet and a VL top quark,
which by construction do not contribute to the anomaly diagrams of the SU(3)c×SU(2)L×U(1)Y
gauge group. To avoid lepton-number violating processes we also impose a Z2 symmetry at the
Lagrangian level. In particular, we assume that all the VL fermions are odd under the Z2, while
the SM leptons and 3rd generation quarks, as well as the Higgs boson and the pseudoscalar A, are
even. The first two generations quarks are also taken odd under the discrete symmetry so that the
VL quark is allowed to decay into these states via a small Yukawa coupling [21].
Finally, we assume the Lagrangian to respect CP symmetry, which forbids linear and cubic
terms in the A potential:
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Table 1: Scalar and VL fermion content of the model. Our convention for the electric charge is
Q = Y + I3. We denote with H the usual SM Higgs doublet.
Field SU(3)c SU(2)L U(1)Y Z2
H 1
(
φ+(
vw + h+ iφ
0
)
/
√
2
)
1/2 +
A 1 A 0 +
L 1
(
N
E
)
−1/2 −
N ′ 1 N ′ 0 −
T 3 T 2/3 −
L ⊃
[
yLN L¯LH˜N
′
R + y
R
N L¯RH˜N
′
L + H.c.
]
− iyLAL¯γ5L− iyNAN¯ ′γ5N ′ − iyTAT¯γ5T
+mLL¯L+mN N¯ ′N ′ +mT T¯ T −m2AA2 − λAA4 − λAHA2|H|2 . (7)
Here we take a positive portal coupling, λAH > 0, that prevents A from acquiring a CP-violating
vacuum expectation value and omitted the small Yukawa couplings of the VL quark to the light
quarks.
We remark that VL fermions coupled to heavy spin-zero resonances appear in a class of string-
inspired supersymmetric models [22, 23, 24, 25], of which our framework possibly is an effective low
energy limit.
In Appendix A we present the masses and pseudoscalar couplings of the VL neutral leptons.
The mass assignments for our VL fermions allow the charged component E to decay into the lighter
VL neutrino via the process E → N1 + W±∗ → N1 + l±νl. A small mass splitting between the
charged and the neutral VL leptons fulfils the requirement in [20] and respects the constraint from
the T parameter [26, 27]. As for the VL quark, which in our scheme eventually decays to light
quarks, we take the T mass to be 700 GeV. This value guarantees that the experimental constraints
from direct searches [18] are satisfied.
4 Phenomenology of the LHC signal
In this Section we determine the values of the Yukawa couplings that yield a large cross section
consistent with the current diphoton constraints [7, 8] and respect upper bounds from the comple-
mentary channels obtained with the 8 TeV dataset. We also present a study of the running of the
couplings of our model to determine its cutoff scale.
We compute the diphoton cross section in Eq. (5) by evaluating the diphoton decay rate as in
Eq. (1), with f = E, T , and the di-gluon decay rate in Eq. (6). The values of the coupling coefficients
af used in both the expressions are reported in Appendix A. To simplify the phenomenological
analysis we set
yL = yT ≡ yv , yRN = yLN . (8)
and then fix the masses of non-SM particles to the sample values given in Table 2. The three
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Table 2: Mass assigments for the three scenarios under consideration.
Scenario I II III
mA/GeV 330 720 1000
mE/GeV 165 360 500
mN1/GeV 160 345 485
mN2/GeV 170 375 515
mT /GeV 700 700 700
pseudoscalar masses chosen correspond to energies in the diphoton invariant mass distribution
showing a one to two σ excess over the SM prediction [7]. The chosen cross section together with
the values of the Lagrangian parameters determined by this choice of masses in the three different
scenarios are listed in Table 3. The values of yN and yv are determined in each scenario, as explained
in Section 5, by matching the observed DM abundance while reproducing the reference diphoton
cross section value given in Table 3. We define the mixing angle, expressed in Appendix A in terms
Table 3: Cross section and parameter values for the three scenarios under consideration.
Scenario I II III
σpp→S→γγ/fb 7.3 1.6 0.82
mN/GeV 155 330 470
yRN = y
L
N 0.2316 0.5907 0.6982
yv 0.400 0.421 0.448
yN 0.033 0.038 0.031
λA 0.020 0.030 0.038
λAH 0.200 0.390 0.505
cos θ 0.015 0.02 0.015
Cutoff scale 1019 1015 1010
of the model free parameters, for the VL neutral leptons mass eigenstates by
N1 = N cos θ +N
′ sin θ , N2 = N ′ cos θ −N sin θ . (9)
The values given in Table 3 are such that the lighter neutral mass eigenstate is mostly made of a
VL sterile neutrino in each of the three scenarios.
For each data point we also check that the dijet, WW , and ZZ decay cross sections3 satisfy
the experimental bounds from the 8 TeV LHC data. Table 4 shows the values obtained for these
quantities and the corresponding upper bounds [28, 29, 30].
The prediction for the Zγ channel in each of the three scenarios is about two orders of magnitude
smaller than the corresponding experimental upper constraint on the fiducial cross section [31], by
3In evaluating the WW cross section we make the simplifying assumption that neutral and charged VL leptons
be degenerate, which is approximately true in the case at hand, and neglect the contribution of the mostly sterile
VL neutrino N1. Furthermore for all the diboson decay rates we assume the electroweak (EW) vector bosons to be
massless, given that their mass corrections are of O
(
m2Z/m
2
A
) ∼ 1%.
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Table 4: Values obtained for the cross sections of complementary channels at 8 TeV, and the
corresponding experimental bounds [28, 29, 30].
σthI (fb) σ
exp
I (fb) σ
th
II (fb) σ
exp
II (fb) σ
th
III(fb) σ
exp
III (fb)
jj 3.02 − 0.92 1.7× 103 1.07 860
WW 0.25 690 0.033 40 0.011 18
ZZ 0.029 71 0.002 14 0.001 10
λH
λA
λAH
105 108 1011 1014 1017
0.001
0.010
0.100
1
10
μ/GeV
Figure 2: Running of the quartic couplings of the model for scenario I.
definition smaller than the total cross section.4 The model therefore satisfies the corresponding
bound on the Zγ total cross section as well. We also calculated the prediction for the invisible decay
cross section, respectively equal to 34, 2.6, and 0.66 fb in each of the three scenarios (mA = 330,
720, and 1000 GeV), and noticed that the result at mA = 720 GeV is about 300 times smaller than
the experimental upper bound at 750 GeV quoted in [9]. This clearly represents a strong indication
that the model’s predictions for invisible decays in the three scenarios are naturally well within the
experimental bounds, though of course only a direct comparison with the relevant experimental
bounds can give a definitive answer about the viability of the model’s predictions for this channel.
Finally, in Fig. 2 we show the running of the quartic couplings for the values of the Lagrangian
parameters considered in scenario I, which remains perturbative up to the Planck scale (1019 GeV).
This value is well above the cutoff scales of O(TeV) obtained for SM-like VL fermions [9, 10]. In
determining the cutoff scale, we required the running couplings to be smaller than 4pi and the scalar
potential to be bounded from below. The beta functions of the model are calculated with the help of
the PyR@TE package [32, 33] and are given in Appendix B. As customary, we neglect the Yukawa
couplings for all SM fermions with the exception of the top quark.
The beta functions of the SM (see for example [34]) are used to calculate the renormalization
group running from the top quark mass mt up to 330 GeV. At mt, we take the values of the SM
gauge couplings to be g′ = 0.35940, g = 0.64754, g3 = 1.1666, the top Yukawa yt = 0.95096 and
the Higgs self-coupling λH = 0.12879 [34].
4The fiducial cross section is defined as the total cross section multiplied by the signal acceptance for the given
cuts.
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In Table 3 we show the values of the cutoff scale for all three scenarios, as well as the corre-
sponding values of the non-SM quartic couplings. The quartic self-coupling of the pseudoscalar and
the portal coupling λAH are chosen so as to prevent the Higgs and pseudoscalar self-couplings from
running through zero. This is required by the fact that the beta functions of the scalar quartic
couplings receive additional negative contributions due to the larger fermion content. Because the
running of the gauge and Yukawa couplings is much slower, the model is valid up to a scale where
either λA or λAH become non-perturbative. With these values of parameters, the model can stays
perturbative up to the Planck scale in the case of relatively small Yukawa couplings (scenario I) or
down to 1010 GeV for the larger Yukawa couplings of scenario III.
A simple variant of the model can be obtained by assuming flavor universality, which is imposed
by assigning negative Z2 parity to the third quark generation as well. In such a model the mass
of the heavy VL quark, T , would be bound to be larger than 705 GeV [35]: while this value is
only slightly above 700 GeV, the chosen T mass, and therefore it does not substantially change the
results in Table 3, it is relevant to ask how a largermT would affect those results. By using the same
assumptions as in Eqs. (8), the Yukawa coupling yv, and indirectly yRN = y
L
N as well, would need to
be comparably larger to compensate for the larger mT , given that the diphoton cross section scales
as the inverse square of mT . Stability would then require larger pseudoscalar quartic couplings at
the mA scale, which in turn would drive the model to the non-perturbative regime at a scale lower
than the one given in Table 3.
5 An authentic WIMP candidate
We investigate now the compatibility of the measured DM abundance with the relic abundance of
the VL neutrino N1.
DM provides 26% of the energy density of the present Universe. As mentioned in Section 1, DM
is usually modelled after a WIMP because particles having masses and annihilation cross sections
set by the EW scale provide the measured value of DM abundance in a natural way [36, 37].
Our model indeed presents a natural candidate for DM, the VL neutrino N1 that, owing to its
SM weak interactions emerges as an authentic WIMP.5 We calculate the relic abundance of N1,
arising from the standard freeze-out scenario,
ΩN1h
2 ' 0.1
√
60
g?(Tfo)
〈σv〉fo
〈σN1N¯1→SMv〉(Tfo)
, (10)
where g?(Tfo) is the effective number of relativistic degrees of freedom at the freeze-out temperature
Tfo, 〈σv〉fo = 3× 10−27 cm3s−1 is the standard freeze-out cross-section and 〈σNN¯→SMv〉(Tfo) is the
velocity averaged annihilation cross-section of N1 to SM particles at the freeze-out temperature Tfo.
For the latter, we assume the dominance of VL neutrino annihilation mediated by an s-channel
pseudoscalar A into gluons, enhanced by assuming a VL neutrino mass close to the threshold.
Other annihilation channels, like the s-channel annihilation through Z into a pair of SM particles,
are highly suppressed, and therefore negligible, given that the VL neutrino is at 99% made of a
sterile neutrino gauge eigenstate.
For a lightest VL neutrino with mass mN1 , whose value for each scenario is given in Table 5, we
find the value of the physical coupling to A, yN1 , reproducing the DM relic abundance as measured
by the Planck collaboration, ΩDMh2 = 0.1188 ± 0.0010 [38]. By using for each scenario the value
5The heavier VL neutrino N2 eventually decays to N1 by emitting SM light-fermion pairs via virtual Z bosons.
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Table 5: DM candidate mass and coupling to pseudoscalar mediator.
Scenario I II III
mN1/GeV 160 345 485
yN1 0.019 0.020 0.017
of yN1 listed in Table 5 in combination with Eq. (16), we can express yN as a function of yv, with
the remaining parameters given in Tables 2 and 3, and determine yv subsequently by matching the
observed diphoton cross section. In Fig. 3 we plot the value of yN1 producing the observed DM relic
abundance for a range of lighter VL neutrino masses near the resonance and for yv = 0.36, 0.4, 0.44.
yv=0.5
yv=0.6
yv=0.8
��� ��� ��� ��� ��� ��� ��� ��������
�����
�����
�����
�����
��� / ���
� � �
� �
Figure 3: Value of yN1 × yv producing the observed DM relic abundance, as measured by the
Planck collaboration [38], for a range of lighter VL neutrino masses near the resonance and for
yv = 0.36, 0.4, 0.44.
The relic abundance of N1 is strongly constrained by the direct detection experiments, which
put an upper bound on the DM elastic scattering off a nucleon. In the case at hand, the only parton
that interacts with the pseudoscalar mediator is the gluon, and the only effective operator relevant
for such process can be written as
Og-N1 =
1
Λ3F
iN¯1γ5N1 · αS
8pi
GaµνG˜aµν , (11)
with ΛF being the effective scale of the interaction. The resulting cross section is both momentum
suppressed and spin-dependent, in which case the current experimental upper bound is still rather
large [39] and therefore not yet sensitive enough to constrain the theory [40].
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6 Conclusions
While the preliminary evidence for the 750 GeV excess at the LHC has not be confirmed by the latest
results that both ATLAS and CMS experiments presented at ICHEP 2016, the small background of
the diphoton channel and its sensitivity to new physics via its leading order loop coupling make it a
privileged experimental test for new physics. In this spirit, we took the initial evidence in favor of a
750 GeV resonance as a template to study possible weakly-interacting new physics contributions in
conjunction with the appearance of high-mass diphoton resonances. The main result of this paper
is to demonstrate that a diphoton excess can be enhanced by threshold effects due to new light
particles, that evade direct search current constraints. By studying three different scenarios we
show that a large excess in the diphoton spectrum can be explained within weakly coupled theories
that retain perturbativity up to energy scales as large as the Planck scale.
Our results rely on a prototypical model containing a vector-like EW doublet and singlet leptons
and a vector-like top quark, as summarized in Table 1. In addition to satisfying the LHC upper
bounds on possible large diphoton excesses in the invariant mass spectrum and the bounds of
complementary channels, our framework proposes a natural dark matter candidate. This is the
lighter vector-like neutrino, whose relic abundance accounts for the entire measured dark matter
abundance in the same part of the parameter space selected by the speculated LHC signals. The
direct and indirect DM detection constraints are also satisfied in the same parameter ranges.
Note added
While the present paper was being finalized and several of the authors were attending the EW
session of the 2016 Moriond conference, a paper using a threshold enhancement of the diphton
cross section similar to that studied in our paper appeared on the arXiv [41]. We remark that our
model differs in particle content and interactions by the one of [41]; we furthermore show that,
while satisfying the observed 8 TeV constraints on the diphoton and other diboson cross sections,
our model can remain perturbative up to the Planck scale in the best case.
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A Vector-like fermion masses and couplings
The masses of the VL neutral leptons N1,2, defined by Eq. (9), are
mN1,2 =
1
2
√
l2 + L2 +m2 +M2 ∓ 2
√
(l2 +m2) (L2 +M2) , (12)
with mixing angle determined by
tan 2θ =
lM − Lm
lL+mM
, (13)
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where
M = mL +mE , m = mE −mL , L = y
R
N + y
L
N√
2
vw , l =
yRN + y
L
N√
2
vw . (14)
Finally, the coupling coefficients of the mass eigenstates E and T appearing in Eqs. (1,6) are simply
aE = − yLvw√
2mL
, aT = − yT vw√
2mT
, (15)
while the Yukawa coupling of the physical VL neutrinos N1,2 to A are
yN1,2 =
2yN
(
m2M2 ∓mM√(l2 +m2) (L2 +M2))+ l2M2 (yN + yL) + L2m2 (yN − yL)
4 (l2 +m2) (L2 +M2)
N1,2√
2
(16)
with
N1,2 =
√√√√1 + ∣∣∣∣∣ lL−mM ∓
√
(l2 +m2) (L2 +M2)
Lm+ lM
∣∣∣∣∣
2
√√√√1 + ∣∣∣∣∣ lL+mM ±
√
(l2 +m2) (L2 +M2)
Lm− lM
∣∣∣∣∣
2
.
(17)
B Beta functions
The one-loop beta functions for our model, calculated with the PyR@TE package [32, 33], are
given by:
16pi2βg1 =
167
18
g′3, (18)
16pi2βg = −5
2
g3, (19)
16pi2βg3 = −
19
3
g33, (20)
16pi2βyt = yt
[
9
2
y2t + 12(|yLL|2 + 3|yLQ|2 + 3|yRQ|2)−
17
12
g′2 − 9
4
g2 − 8g23
]
, (21)
16pi2βλH =
3
8
(g′4 + 2g′2g2 + 3g4)− 6y4t + 24λ2H + 2λ2AH − 2|yLN |4 − 2|yRN |4
+ λH(−3g′2 − 9g2 + 12y2t + 4|yLN |2 + 4|yRN |2), (22)
16pi2βλA = 2
[
36λ2A + λ
2
AH − 2|yL|4 − |yN |4 − 3|yT |4 + 4λA(2|yL|2 + |yN |2 + 3|yT |2)
]
, (23)
16pi2βλAH = 8λ
2
AH + λAH
[
−3
2
(3g2 + g′2) + 6y2t + 24λA + 12λH + 8|yL|2 + 4|yN |2
+2|yLN |2 + 2|yRN |2 + 12|yT |2
]− 4(|yL|2|yLN |2 + |yN |2|yLN |2 + |yL|2|yRN |2 + |yN |2|yRN |2
+ yLNy
R
Ny
∗
Ly
∗
N + yLyNy
L∗
N y
R∗
N ), (24)
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16pi2βyLN
=
1
4
yLN
[−3(3g2 + g′2 − 4y2t ) + 2(|yL|2 + |yN |2 + 5|yLN |2 + 2|yRN |2)]+ 2yLyNyR∗N , (25)
16pi2βyRN
=
1
4
yRN
[−3(3g2 + g′2 − 4y2t ) + 2(|yL|2 + |yN |2 + 2|yLN |2 + 5|yRN |2)]+ 2yLyNyL∗N , (26)
16pi2βyL =
1
2
yL(−9g2 − 3g′2 + 14|yL|2 + 4|yN |2 + |yLN |2 + |yRN |2 + 12|yT |2) + 2yLNyRNy∗N , (27)
16pi2βyN = yN (4|yL|2 + 5|yN |2 + |yLN |2 + |yRN |2 + 6|yT |2) + 4yLNyRNy∗L, (28)
16pi2βyT = yT (−8g23 −
8
3
g′2 + 4|yL|2 + 2|yN |2 + 9|yT |2). (29)
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